L-Asparaginyl and L-aspartyl residues in proteins are subject to spontaneous degradation reactions that generate isomerized and racemized aspartyl derivatives. Proteins containing L-isoaspartyl and D-aspartyl residues can have altered structures and diminished biological activity. These residues are recognized by a highly conserved cytosolic enzyme, the protein L-isoaspartate(D-aspartate) O-methyltransferase (EC 2.1.1.77). The enzymatic methyl esterification of these abnormal residues in vitro can lead to their conversion (i.e., repair) to normal L-aspartyl residues and should therefore prevent the accumulation of potentially dysfunctional proteins in vivo as cells and tissues age. Particularly high levels of the repair methyltransferase are present in the brain, although enyzme activity is present in all vertebrate tissues. To define the physiological relevance of this protein-repair pathway and to determine whether deficient protein repair would cause central nervous system dysfunction, we used gene targeting in mouse embryonic stem cells to generate protein L-isoaspartate(D-aspartate) O-methyltransferase-deficient mice. Analyses of tissues from methyltransferase knockout mice revealed a striking accumulation of protein substrates for this enzyme in the cytosolic fraction of brain, heart, liver, and erythrocytes. The knockout mice showed significant growth retardation and succumbed to fatal seizures at an average of 42 days after birth. These results suggest that the ability of mice to repair L-isoaspartyl-and D-aspartylcontaining proteins is essential for normal growth and for normal central nervous system function.
The success of an aging organism depends on its ability to maintain the integrity of its unstable macromolecular machinery over time (1, 2) . We have been particularly interested in the consequences of protein damage on aging. Proteins are subject to a variety of spontaneous degradation processes, including oxidation, glycation, deamidation, isomerization, and racemization (1, (3) (4) (5) (6) (7) (8) (9) . These nonenzymatic modifications can produce functionally damaged species that reflect the action of aging at the molecular level (5, 10) .
L-Asparagine and L-aspartate are among the most unstable residues in proteins, being particularly susceptible to linked deamidation, isomerization, and racemization reactions (6, (11) (12) (13) . The initial event in these nonenzymatic reactions at neutral pH is generally the nucleophilic attack of the side-chain carbonyl carbon by the peptide-bond nitrogen to yield an unstable five-membered L-succinimidyl ring (Fig. 1) . The spontaneous hydrolysis of the succinimide produces either an L-isoaspartyl residue (in which the peptide backbone is redirected through the ␤-carboxyl group) or a normal L-aspartyl residue. In addition, the ␣-carbon of the succinimidyl residue is racemization-prone, and D-aspartyl and D-isoaspartyl residues can also form, although in lower yields (6, 14) . Under physiological conditions, succinimide-linked deamidation of asparagine can occur with half-times as short as 6 hr (15) , while the half-times of comparable aspartyl residues are generally 10-fold longer (11) . A number of biological peptides and
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FIG. 1. Spontaneous deamidation and isomerization of asparaginyl
and aspartyl residues in proteins result in the formation of L-isoaspartyl linkages. In addition, the ␣-carbon of the succinimidyl intermediates is racemization-prone, and D-aspartyl and D-isoaspartyl residues can form (not shown). Protein L-isoaspartate(D-aspartate) O-methyltransferase initiates the repair process by methylating altered proteins containing these residues.
proteins possess particularly labile asparaginyl and aspartyl residues, and the formation of the major L-isoaspartyl product at these positions can adversely affect their function (16) (17) (18) .
Although most cells can enzymatically degrade covalently damaged proteins to their component amino acids, the catabolism and replacement of proteins is metabolically expensive and is not possible in tissues such as eye lens and mature red blood cells, where protein synthesis is limited or does not occur at all (4, (19) (20) (21) . However, at least one well defined pathway has been proposed for repairing some forms of spontaneous damage to intracellular proteins. The cytosolic protein Lisoaspartate(D-aspartate) O-methyltransferase (EC 2.1.1.77) initiates the conversion of altered asparaginyl and aspartyl residues to normal L-aspartyl residues in vitro (19, (22) (23) (24) (25) (26) (27) . This methyltransferase specifically recognizes and methyl esterifies L-isoaspartyl residues, and to a lesser extent D-aspartyl residues (26) , in an S-adenosylmethionine-dependent reaction. The methyl esters formed are then rapidly converted to succinimidyl residues in a nonenzymatic reaction, followed by spontaneous hydrolysis to produce native L-aspartyl residues as one product ( Fig. 1) (22, 23, 27) . This pathway cannot restore the amide group to damaged asparaginyl residues, but the repair reaction partially restores protein configuration and function by eliminating L-isoaspartyl linkages and racemized D-aspartyl residues (22) (23) (24) (25) (26) (27) .
Although L-isoaspartate(D-aspartate) O-methyltransferase repairs damaged proteins in vitro, the precise physiologic role for this protein-repair pathway in mammals has remained uncertain. One possibility is that this enzyme prevents the accumulation of senescent, conformationally altered proteins in aging cells (19, 20, 28, 29) . Additionally, the high levels of enzyme activity in the brain suggest that this enzyme plays an important role in that organ. However, there are no data that bear directly on these issues.
To define the physiologic importance of the protein Lisoaspartate(D-aspartate) O-methyltransferase-mediated protein-repair system in higher organisms and to determine whether deficient protein repair would cause dysfunction of the central nervous system, we used gene targeting in mouse embryonic stem (ES) cells to disrupt the gene encoding this enzyme in mice (Pcmt-1). The single murine gene for this enzyme is located on chromosome 10 (30), and its cDNA and gene structure have recently been established (31, 32) . In this paper, we describe the consequences of defective protein repair in Pcmt-1 knockout mice, at both the whole-animal and biochemical levels.
MATERIALS AND METHODS
Generation of L-Isoaspartate (D-Aspartate) O-Methyltransferase-Deficient Mice. A sequence-replacement genetargeting vector was constructed from two BamHI-NotI subclones from a P1 bacteriophage clone containing the murine Pcmt-1 gene (33): subclone 50 (8.1 kb of sequences upstream from the structural gene) and subclone 19 (6.8 kb of the proximal promoter sequences, exon 1, and the 5Ј portion of intron 1). A neomycin-resistance gene (neo) driven by an RNA polymerase II promoter was ligated into the unique NarI site of subclone 19 (located at ϩ20 bp in the coding sequence of exon 1). The long arm of the targeting vector consisted of the 3Ј portion of exon 1 and intron 1 sequences (from subclone 19); the short arm contained 876 bp of promoter sequences and the first 20 bp of exon 1. A thymidine kinase gene (tk) was ligated into a polylinker site at the 5Ј end of the short arm. This vector was electroporated into RF8 ES cells (34) , and targeted colonies were identified by Southern blot analysis of EcoRIcleaved genomic DNA, using a 5Ј external probe. The template for the probe was generated by PCR amplification of 691 bp of genomic sequence immediately upstream from sequences contained in the gene-targeting vector. The 5Ј and 3Ј oligonucleotide primers used for the PCR amplification were 5Ј-CCAGCAGCAAGACTGTTACCCAACCTG-3Ј and 5Ј-GCTCACAAATTCCATCCTTAGACTGGACA-3Ј, respectively. Three targeted clones were used to generate methyltransferase-deficient mice, according to published techniques (35) .
An Antiserum to Mouse L-Isoaspartate(D-Aspartate) OMethyltransferase. The coding sequences from the mouse Pcmt-1 cDNA were ligated into pGEX-2T, a fusion protein expression vector containing a portion of a Schistosoma japonicum glutathione S-transferase (GST) gene (36) . The mouse methyltransferase-GST fusion protein was expressed in Escherichia coli, purified by glutathione-agarose chromatography (37) , and used to immunize a specific pathogen-free rabbit.
Preparation of Whole-Cell and Cytosolic Extracts. To prepare total cellular proteins for Western blot analysis, 100 mg of each mouse tissue was homogenized in 2 ml of phosphatebuffered saline (PBS; Digene Diagnostics, Silver Spring, MD) solution containing 1% SDS and 50 mM 2-mercaptoethanol for 15 sec with a Kinematica Polytron (Brinkman). The samples were then heated to 95°C for 2 min.
To prepare cytosolic protein fractions for enzyme assays and assays for damaged amino acid residues, mice were perfused with cold (4°C) PBS for 5 min. Individual organs were homogenized in 5 ml of PBS at 4°C with a motor-driven, Teflon-coated, glass Dounce homogenizer. The homogenates were centrifuged at 1,000 ϫ g for 10 min. The supernatant (S1) was then centrifuged at 27,000 ϫ g for 30 min. The resulting supernatant (S2) was recovered and again centrifuged at 100,000 ϫ g for 2 hr. The final supernatant (S3) was used as the cytosolic fraction.
Erythrocyte cytosol was prepared from 200 l of fresh blood containing 1.0 mM Na 2 EDTA (pH 8.0). After removal of the plasma and washing extensively with PBS, the erythrocytes were lysed by adding 1.0 ml of water for 10 min. The lysates were then centrifuged for 5 min at 12,500 ϫ g, and the supernatant was used as the erythrocyte cytosol fraction.
Activity 14 C]methanol. The reaction mixture was immediately spotted onto a 4 ϫ 1 cm piece of filter paper and incubated above 5 ml of Ready-Gel scintillation fluid (Beckman) in the neck of a sealed 20-ml scintillation vial at room temperature for 3 hr to allow [ 14 C]methanol to diffuse into the scintillation fluid. The filter paper was then removed, and the radioactivity in the scintillation fluid was counted. Enzyme activity was determined as a function of [ 14 C]methanol production. Incubations containing only S-adenosyl-L-[methyl-14 C]methionine, ovalbumin, and buffer constituted the blank for the assay; the radioactivity in these tubes (typically Ͻ 5%) was subtracted from total counts in the determination of enzyme activity.
Quantitation of Altered Asparaginyl and Aspartyl Residues. Cellular protein extracts were incubated with 0.8 g of recombinant human protein L-isoaspartate(D-aspartate) Omethyltransferase (specific activity: 10,000 pmol of methyl esters per min per mg of protein) (38) (39) . After electrophoresis, the gels were cut into 48 3-mm slices, each containing proteins within a small range of molecular weights. Gel slices were then assayed for incorporation of base-labile [ 3 H]methyl esters by placing each slice into a 1.5-ml microcentrifuge tube, adding 100 l of 2 M NaOH, and placing the open tube into a 20-ml scintillation vial containing 5 ml of fluor such that the fluor and the NaOH did not mix. The vial was tightly capped and incubated at 60°C for 24 hr to promote the diffusion of [ 3 H]methanol into the fluor before counting.
Glutamate Uptake into Synaptosomes. Crude synaptosomes were prepared from whole brain, and glutamate uptake was measured, essentially as previously described (40) . Each assay was performed in triplicate. Fig. 2A) designed to interrupt the coding sequences of the Pcmt-1 gene after the first six amino acid residues was electroporated into ES cells. Nine targeted ES cell clones out of 196 were identified by Southern blot analysis; three of these were used to generate high-percentage male chimeric mice. The chimeras were bred with C57BL͞6 females, and all transmitted the targeted mutation to their progeny. To generate homozygous knockout mice, the heterozygous mice were intercrossed and the offspring were genotyped by Southern blot analysis (Fig. 2B) . From 799 offspring, 169 wild-type mice, 437 heterozygotes, and 193 knockout homozygotes were identified. All mice studied represented F 2 hybrids of strains 129͞sv and C57BL͞6.
RESULTS

Generation of Protein
Absence of Protein L-Isoaspartate(D-Aspartate) OMethyltransferase in Homozygous Pcmt-1 Knockout Mice. To confirm that the disruption of the Pcmt-1 gene eliminated expression of the methyltransferase, we examined tissue extracts from the knockout mice by Western blot analysis, using a rabbit antiserum against a mouse protein L-isoaspartate(Daspartate) O-methyltransferase-GST fusion protein. The 26-kDa methyltransferase was present in wild-type tissues but was absent from tissues from homozygous knockout mice (Fig.  2C) . To determine whether the knockout mice retained a redundant enzyme activity, methyltransferase activity was measured in multiple tissues from wild-type (n ϭ 4) and homozygous knockout (n ϭ 6) mice (Fig. 2D) . Protein methyltransferase activity in the brains and hearts of Pcmt-1 knockout mice was less than 0.3% of that in wild-type tissues. Knockout liver and erythrocytes contained less than 3% and less than 2% of wild-type activity, respectively. Enzyme activities in tissues from heterozygous mice were approximately one-half of those in wild-type mice (data not shown).
Methyltransferase Deficiency Results in Growth Retardation and Sudden Death. Mice that were heterozygous for the knockout mutation appeared phenotypically normal, but homozygotes were visibly smaller than their wild-type and heterozygous littermates. To quantify this finding, 35 offspring from five heterozygote intercrosses were weighed every 2-3 days between days 10 and 32. Both male (Fig. 3A) and female knockout mice were smaller than heterozygous and wild-type littermates (P Ͻ 0.01 after 20 days of age). Body lengths and body mass indices were also smaller in homozygous knockout mice than in heterozygous and wild-type mice (P Ͻ 0.01 at day 25) (data not shown). Despite the growth retardation, developmental milestones (e.g., hair development, eye opening, and grasping and placing reflexes) were not delayed in the homozygous knockout mice (data not shown).
Most knockout mice died suddenly between 22 and 60 days of age, as illustrated in Fig. 3B . The median and mean day of death in knockout mice was 42 days. In contrast, none of the heterozygous or wild-type littermates died during this period. Prior to their death, the homozygous mice did not appear dehydrated, malnourished, or lethargic. Furthermore, autopsies revealed no gross anatomic abnormalities or hemorrhage.
A microscopic survey of tissues from homozygous knockout mice sacrificed at 50 days of age (stained with hematoxylin and eosin, silver, periodic acid-Schiff, or Congo red) revealed no detectable abnormalities in the brains, hearts, livers, or kidneys (data not shown). Likewise, there were no significant differences in complete blood counts or electrolyte and chemistry panels from homozygous knockout, heterozygous, and wildtype mice (data not shown). Erythrocyte morphology and membrane integrity (as judged by blood smear and osmotic fragility assays) appeared normal in the knockout mice (data not shown).
Proteins Containing Damaged Asparaginyl and Aspartyl Residues Accumulate in the Tissues of Knockout Mice. The absence of protein methyltransferase activity in cytosolic extracts from the Pcmt-1 knockout mice suggested that their tissues might accumulate proteins containing damaged asparaginyl and aspartyl residues. Therefore, we examined a number of tissues from knockout mice (30-40 days old) for the accumulation of methyltransferase substrates (i.e., damaged proteins containing L-isoaspartyl and D-aspartyl residues).
We found that cytosolic proteins from all methyltransferasedeficient tissues contained significantly increased (4-to 8-fold) levels of methyl-accepting substrates compared with those from wild-type tissues (Fig. 4A) . Damaged proteins accumulated to particularly high levels in brain cytosol fractions of the homozygous knockout mice. Levels of damaged proteins in tissues from heterozygotes were similar to those from wildtype mice (e.g., 8.7 Ϯ 0.7 and 6.6 Ϯ 0.5 pmol͞mg of protein in erythrocyte cytosol from heterozygotes and wild types, respectively), despite half-normal levels of enzyme activity in heterozygotes. The levels of damaged asparaginyl͞aspartyl residues in the plasma proteins from knockout (n ϭ 4), heterozy- Survival curves for homozygous knockout mice (n ϭ 11) and wild-type and heterozygous littermates (n ϭ 24). All homozygous knockout mice died by day 60; no deaths occurred among wild-type and heterozygous littermates. After these studies were completed, we have observed more than 75 homozygous knockout mice, and only 4 have survived beyond 60 days-2 died at day 74, 1 died at day 90, and 1 died at day 100.
FIG. 4. (A)
Cytosolic proteins from knockout (n ϭ 6) and wild-type (n ϭ 4) tissues were examined for the accumulation of damaged asparaginyl and aspartyl residues as methyl-accepting substrates for recombinant human protein L-isoaspartate(D-aspartate) O-methyltransferase. Error bars represent SEM. (B and C) Analysis of the spectrum of cytosolic proteins containing damaged amino acid residues according to polypeptide molecular weight on SDS͞PAGE. B reveals the spectrum of damaged proteins in brain cytosol (50 g of protein), while heart cytosol (18 g of protein) is shown in C. The spectrum of damaged cytosolic proteins in erythrocytes and liver were also quite distinct-not similar to either brain or heart (data not shown). (D) Accumulation of damaged proteins in erythrocyte cytosol from homozygous knockout mice, ages 24-59 days. gous (n ϭ 4), and wild-type (n ϭ 4) animals were very similar (135 Ϯ 25, 128 Ϯ 14, and 145 Ϯ 26 pmol͞mg of protein, respectively), confirming that methyltransferase-linked repair is an exclusively intracellular pathway.
The Spectrum of Polypeptides Accumulating Damaged Asparaginyl and Aspartyl Groups Is Distinct in Different Tissues. To establish that the accumulation of methyltransferase substrate truly represented damaged proteins, we analyzed the size distribution of these proteins in cytosolic fractions by SDS͞PAGE. Profiles for brain and heart are shown in Fig. 4 B and C. Although the resolution of one-dimensional low-pH SDS͞PAGE is limited, it is apparent that many different proteins accumulate damaged asparaginyl and aspartyl residues in the knockout mice and that the spectrum of proteins affected in different tissues, including liver and erythrocytes (data not shown), is distinct.
Accumulation of Damaged Proteins Is Time Dependent in the Pcmt-1 Knockout Mice. To determine whether the damaged asparaginyl and aspartyl residues in proteins accumulate over time in vivo, we measured the levels of these residues in erythrocyte cytosol from 19 knockout mice 24-59 days of age. Over this time span, the levels of covalently damaged proteins accumulated in a linear fashion (Fig. 4D) .
Examination of the Sudden-Death Phenotype. Because the Pcmt-1 gene is normally expressed at high levels in the brain (41) and because the brain cytosol of Pcmt-1 knockout mice accumulated high levels of damaged proteins, we suspected that the sudden-death phenotype was due to dysfunction of the central nervous system. To test this possibility, 11 knockout mice were videotaped continuously for 21 days. The videotapes revealed that the knockout mice died of generalized seizures, which were characterized by rhythmic clonic movements, tonic extension, and respiratory arrest. Although the majority of observed seizures (9 of 11) were fatal, we did observe 2 nonfatal seizures. However, in those cases, the mice died within minutes to hours from another seizure.
To examine whether the seizure threshold in knockout mice was decreased, mice were challenged with the convulsant drug metrazol, an antagonist of the type A ␥-aminobutyric acid (GABA) receptor (42) . After a single intraperitoneal injection of metrazol (45 mg͞kg), all of the knockout mice (n ϭ 8) experienced a major motor seizure, 25% of which were fatal. In contrast, only 2 of 18 heterozygous littermate controls had a seizure (Fig. 5) , neither of which was fatal.
Abnormalities in the metabolism of the excitatory amino acid glutamate have been implicated in seizure disorders (43) . Recently, small peptides containing L-isoaspartyl linkages have been shown to interfere with glutamate transport into synaptosomes (44) . Because the absence of the protein-repair pathway might lead to an accumulation of L-isoaspartylcontaining peptides in cells, we hypothesized that glutamate metabolism in the knockout mice might be perturbed. This hypothesis was borne out. We observed a 30% increase in glutamate uptake into synaptosomes prepared from 4-to 5-week-old knockout mice (n ϭ 4), compared with heterozygous and wild-type littermate controls (n ϭ 4) (1,296 Ϯ 48 vs. 1,020 Ϯ 24 pmol per mg of protein per min, P Ͻ 0.01). Although we do not fully understand the mechanism for this paradoxical increase, it may represent a compensatory response in Pcmt-1 knockout mice to a decreased seizure threshold (45) .
DISCUSSION
Protein L-isoaspartate(D-aspartate) O-methyltransferase, found both in prokaryotic and eukaryotic organisms, is one of the most widely expressed enzymes (46) . Because this enzyme can convert L-isoaspartyl and D-aspartyl residues to native L-aspartyl residues, it is thought to play an important role in limiting the accumulation of damaged proteins within cells as they age. To define the importance of this protein-repair pathway in higher organisms, we generated mice in which both alleles of the Pcmt-1 gene encoding this enzyme were disrupted. The phenotype of these animals-growth retardation and a fatal seizure disorder-strongly support the proposition that this protein-repair pathway is extremely important in mammals.
On a biochemical level, the absence of protein Lisoaspartate(D-aspartate) O-methyltransferase activity resulted in the accumulation of high levels of its methylaccepting substrates (i.e., damaged proteins containing Lisoaspartyl and D-aspartyl residues). This was observed not only in cells with an extremely low capacity for protein degradation and synthesis, such as erythrocytes, but also in cytosolic extracts of tissues capable of significant protein turnover, such as heart, brain, and liver. Fractionation studies revealed that a variety of polypeptides are efficiently repaired in different tissues in wild-type mice but accumulate damaged asparaginyl and aspartyl residues in Pcmt-1 knockout mice. The failure of Pcmt-1 knockout mice to process these spontaneously damaged proteins may lead to inefficient cellular metabolism and underlie their retarded growth.
Intracellular proteins in wild-type mouse brain were found to be especially susceptible to spontaneous damage at asparaginyl and aspartyl residues, despite containing the highest levels of enzyme activity. Significantly higher levels of damaged residues accumulated in brain cytosolic proteins from Pcmt-1 knockout mice compared with cytosol not only from wild-type brain but also from other knockout tissues. We have calculated that approximately 6% of brain cytosolic proteins from 30-to 40-day-old knockout mice contain an L-isoaspartyl or D-aspartyl residue amenable to enzymatic repair, assuming an average mass of 50 kDa.
We suspect that the accumulation of damaged proteins underlies the markedly reduced seizure threshold and the fatal seizure disorder in Pcmt-1 knockout mice. One possibility is that a cellular metabolic pathway is compromised by the accumulation of covalent damage in one or more long-lived cellular proteins. Alternatively, the change in conformation brought about by D-aspartyl or L-isoaspartyl residues might cause a particular protein to bind inappropriately to other proteins. This toxic gain-of-function is proposed to be the mechanism for the pathogenesis of Huntington chorea and other dominantly inherited ''polyglutamine'' diseases in which the disease-associated proteins contain residues encoded by expanded CAG repeats (47) . Interestingly, expression of a segment of the Huntington disease protein (huntingtin) containing a polyglutamine expansion produces fatal seizures in mice (48) .
Improper metabolism of the excitatory amino acid glutamate has also been implicated in the pathogenesis of seizure disorders (43) . Recent studies have demonstrated that small peptides containing L-isoaspartyl residues can interfere with glutamate transport into synaptosomes in vitro (44) . We hypothesized that short peptides containing L-isoaspartate and D-aspartate might accumulate in cells lacking the methyltransferase as a result of the catabolism of damaged proteins and interfere with normal glutamate transport. In this study, we demonstrated significantly greater glutamate transport into synaptosomes prepared from Pcmt-1 knockout mice than in those from wild-type and heterozygous littermate controls. Because the synaptosomes had been extensively washed, it is unlikely that potential small-molecule inhibitors of glutamate transport exerted any effect in our experiments. We suspect that the paradoxical increase in glutamate transport in the knockout synaptosomes reflects a compensatory response of the neurons either to the presence of small-molecule peptide inhibitors with L-isoaspartyl linkages or to a covalently damaged intracellular protein. For example, increased glutamate uptake into synaptosomes prepared from the seizure-prone C57BL͞10 SPS͞sps mice is thought to represent a compensatory reaction to a decreased seizure threshold (45) .
The accumulation of damaged macromolecules, including proteins, has long been suspected to play a role in aging (1, 3-5, 7, 9, 10) . Accordingly, the protein L-isoaspartate(D-aspartate) O-methyltransferase is hypothesized to retard aging at the cellular level and perhaps at the level of the entire organism by limiting the accumulation of senescent, dysfunctional proteins (19, 20, 28, 29) . Since the Pcmt-1 knockout mice die at an early age from a seizure disorder, we have not been able to adequately assess whether this enzyme has an ''anti-aging'' effect in mammals. Although we were not able to detect overt organ pathology in 50-day-old homozygous knockout mice, we suspect that an aging phenotype might surface after more prolonged periods of enzyme deficiency.
